Aneurysm Surgery with Preoperative Three-Dimensional Planning in a Virtual Reality Environment: Technique and Outcome Analysis  by Kockro, Ralf A. et al.
Original ArticleAneurysm Surgery with Preoperative Three-Dimensional Planning in a Virtual Reality
Environment: Technique and Outcome AnalysisRalf A. Kockro1,2, Tim Killeen1, Ali Ayyad2, Martin Glaser2, Axel Stadie2, Robert Reisch1,2, Alf Giese2, Eike Schwandt2-OBJECTIVE: Aneurysm surgery demands precise spatial
understanding of the vascular anatomy and its surround-
ings. We report on a decade of experience planning clip-
ping procedures preoperatively in a virtual reality (VR)
workstation and present outcomes with respect to mor-
tality, morbidity, and aneurysm occlusion rate.
-METHODS: Between 2006 and 2015, the clipping of 115
intracranial aneurysms in 105 patients was preoperatively
planned with the Dextroscope, a stereoscopic, patient-
specific VR environment. The outcome data for all cases,
planned and performed in 3 institutions, were analyzed
based on clinical charts and radiologic reports.
-RESULTS: Eighty-five incidental, unruptured aneurysms
in 77 patients were electively planned and treated surgi-
cally. Mortality was 0% and morbidity (modified Rankin
Scale score >2) was 2.6%. The rate of complete aneurysm
obliteration on postoperative imaging was 91.8%. In addi-
tion, 30 aneurysms were treated in 28 patients with pre-
vious subarachnoid hemorrhage. Mortality in these cases
was 3.6%, morbidity (modified Rankin Scale score >2) 7.1%,
and the rate of complete aneurysm clipping was 90%.
-CONCLUSIONS: Meticulous three-dimensional surgi-
cal planning in a VR environment enhances the surgeon’s
spatial understanding of the individual vascular anatomy
and allows clip preselection and positioning as well as
anticipation of potential difficulties and complications.Key words
- Clipping
- Dextroscope
- Intracranial aneurysm
- Outcomes
- Surgical planning
- Virtual reality
Abbreviations and Acronyms
3D: 3-Dimensional
CT: Computed tomography
CTA: Computed tomography angiography
DSA: Digital subtraction angiography
MCA: Middle cerebral artery
MRA: Magnetic resonance angiography
MRI: Magnetic resonance imaging
WORLD NEUROSURGERY 96: 489-499, DECEMBER 2016VR planning was associated, in this multi-institutional
series, with excellent clinical outcomes and rates of
complete aneurysm closure equivalent to benchmark
cohorts.INTRODUCTIONhe clipping of an intracranial aneurysm is a delicate ma-
neuver in a complex, three-dimensional (3D) space. LongTbefore placing a clip, the unique architecture of an aneu-
rysm needs to be understood in its three-dimensionality. This
includes the shape and size of the neck and dome of the aneurysm
as well as its relationship to feeding and draining vessels and
neighboring structures. This spatial construct must be understood
from an intraoperative perspective, allowing anticipation of the
most suitable sizes, shapes, and positions of clips and also taking
into account the limitations of the surgical corridor. PACS (Picture
Archiving and Communication System) workstations or the
planning software of neuronavigation systems are able to show
images of an aneurysm and its surroundings. However, the sur-
gical corridor, dependent on other intracranial or bony structures,
cannot be reliably simulated with these systems and it is thus
sometimes difﬁcult to conceive the spatial relations of the aneu-
rysm as it will appear in the surgical view.
We have been working with the Dextroscope virtual reality (VR)
neurosurgical planning system for more than a decade.1-5 It shows
multimodality, patient-speciﬁc, tomographic imaging data in a 3DmRS: Modified Rankin Scale
VR: Virtual reality
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Figure 1. The Dextroscope in use at Hirslanden Hospital, Zurich. The
surgeon wears polarizing glasses and interacts with the segmented,
patient-specific imaging volume shown on a stereoscopic screen using
electromagnetically tracked handheld controls.
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spatial, handheld interaction interface. A variety of tools for seg-
mentation and virtual drilling, suctioning, and measuring are
available. Although the technology of the Dextroscope and its
application in a variety of neurosurgical procedures has been
extensively described,1-5 there have been no reports regarding the
outcomes associated with regular use of the system. We report
here the clinical and radiologic results of Dextroscope-based
planning in aneurysm surgery in a series of 105 patients with 115
aneurysms treated at 3 institutions.
METHODS
Patients
Between 2006 and 2015, the surgical repair of 115 aneurysms in
105 patients was planned with the Dextroscope in neurosurgical
departments at 3 institutions: University Hospital Mainz, Germany
(2006e2015), University Hospital Zurich, Switzerland (2009e
2011), and Hirslanden Hospital, Zurich, Switzerland (2012e2015).
The decision whether to use the Dextroscope for the planning of a
clipping procedure was made by the respective lead neurosurgeon.
All patients who underwent aneurysm clipping planned in advance
with the Dextroscope were included.
Data Acquisition for Planning
Magnetic resonance imaging (MRI) studies were acquired as 3D
fast gradient-recalled echo sequences covering the whole brain
(matrix, 512  512; ﬁeld of view, 24e26 cm; slice thickness, 1e2
mm). Magnetic resonance angiography (MRA) studies were ac-
quired in 3D time-of-ﬂight mode (1-mm slice thickness with 0.5-
mm overlap). MRAs of the patients operated at Hirslanden Hos-
pital were all acquired with contrast enhancement. Computed
tomography (CT) angiography (CTA) was acquired as axial
contiguous series with 0.5-mm to 0.8-mm slice thickness.
Technical Setup
Surgical planning was carried out with the Dextroscope, a ste-
reoscopic visualization and planning workstation described pre-
viously.1,2,4-6 The underlying philosophy is to use natural 3D hand
movements instead of the mouse and keyboard to work with
computer-generated 3D data. In the Dextroscope used in Mainz,
the user manipulates a reﬂection of 3D data by reaching behind a
mirror into a virtual workspace containing the patient-speciﬁc 3D
data and a surrounding set of 3D planning tools. For the cases
planned and operated on in Zurich, a modiﬁed version of the
Dextroscope was used, consisting of a stereoscopic liquid crystal
display monitor on which 3D patient data are showed within a
ﬂoating 3D workspace. Wearing polarizing glasses, the user looks
ahead into the monitor while working with the virtual image using
handheld, tracked, 3D manipulation tools (Figure 1). Software
tools for data loading, 3D reconstruction, segmentation, and
surgical planning were common to both systems6 and the
overall surgical planning experience differed little.
Surgical Planning
VR model preparation, including 3D segmentation of imaging
data, was performed either by the operating surgeon or the
assisting neurosurgical resident. MRI or CT data were transferred490 www.SCIENCEDIRECT.com WORLD NEUin DICOM (Digital Imaging and Communications in Medicine)
format to the planning station either via the hospital network or
via portable media. Coregistration and volumetric reconstruction
of MRI and CT data were performed automatically.2,4 A variety of
software tools were available for thresholding, coloring, and
transparency modulation. Manual segmentation tools allow the
3D delineation of structures that cannot be segmented on the
basis of grayscale thresholds, such as cranial nerves. A measuring
tool allows the drawing of lines between any 2 points in 3D space
and is used for determining the dimensions of an aneurysm neck
or the lengths of clip arms. For 32 cases in Mainz planned after
2012, a selection of virtual clips and clip holders were available.
This selection was achieved by acquiring CT scans of a selection
of 64 closed aneurysm clips and 1 clip holder (Yas¸argil and Lazic
standard and mini clips set [Aesculap, Tuttlingen, Germany]).
Volumetric representations of the clips and clip holder were
generated and this allowed virtual positioning of the closed clips
over the aneurysm. Neither opening nor closing of the clips nor
tissue deformation could be simulated. Voxel editing tools
allowed for the simulation of a craniotomy. A computer-generated
crosswire simulated the focal point of a microscope and a
magniﬁcation tool simulated the microscopic view into the sur-
gical corridor.
In all cases, the lead neurosurgeon personally conducted the
planning 1e24 hours preoperatively. In most of the elective cases,
planning was performed the evening before the day of surgery. In all
cases, screenshots of the simulated intraoperative view were ac-
quired during the planning procedure and were available electron-
ically in the operating room during the operation. After planning,
the data of all cases remained on the Dextroscope for documenta-
tion purposes.
Retrospective Analysis
The patients’ demographics and the details of the planning pro-
cedure (date and time of planning, imaging data imported,ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.08.124
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2 Dextroscope planning stations. One Dextroscope has been in use
in Mainz, Germany since 2006; the other was installed at the
University Hospital Zurich from 2009 to 2011 and was then
transferred to Hirslanden Hospital, Zurich, where it has been
operational since May 2012. Clinical ﬁles, including imaging data,
radiologic reports, as well as discharge and outpatient notes, were
retrieved from the electronic ﬁle systems of the 3 institutions.
Aneurysm obliteration was deﬁned as total occlusion of the
aneurysmal sac with no residual neck or other remnant on the ﬁrst
postoperative imaging (digital subtraction angiography [DSA] or
CTA) as assessed by an independent, consultant neuroradiologist
and stated in the ﬁles of the respective patient.
Clinical outcomes were rated using the modiﬁed Rankin Scale
(mRS).7 In line with previous studies, an mRS score of 1 or 2 (no
signiﬁcant disability or slight disability requiring no assistance
with activities of daily living) was deemed a favorable outcome.
An mRS score of 3e6 (3, moderate disability requiring
assistance; 6, death) was considered an unfavorable outcome.
The mRS score was determined retrospectively by analyzing the
notes recorded at routine 6-month follow-up (or discharge sum-
maries in the case of postoperative mortality).Illustrative Case 1
A 78-year-old patient presented with acute headache. On exami-
nation, he was fully oriented and neurologically intact. CT and
CTA showed a subarachnoid hemorrhage (Fisher grade 2) and a
saccular aneurysm of 8 mm diameter located at a quadfurcation of
the left middle cerebral artery (MCA). DSA was performed. One
superior (frontal) and 3 inferior (temporal) branches originated
from the base of the aneurysm, and because of this conﬁguration,
the aneurysm was deemed unsuitable for coiling. The CTA study
was imported and 3D reconstructed for surgical planning in the
Dextroscope. Figure 2A shows the view toward the aneurysm from
the surgical perspective through a simulated left pterional
craniotomy (1, left MCA; 2, superior frontal branch; 3, 4, 5,
three inferior temporal branches). Branches 3 and 4 were shown
to run along the dome of the aneurysm. We planned to dissect
these 2 vessels off the aneurysm dome beginning proximally
(dotted lines). The dome of the aneurysm appeared to carry a
daughter sac (difﬁcult to appreciate on nonstereoscopic
screenshots) and it was anticipated that dissecting vessels 3 and
4 distally along this feature would be dangerous. On both sides
of the neck of the aneurysm, we placed measuring lines,
simulating the branches of a clip. The proximal ends of these
lines are visible as 2 white pins on Figure 2A. Rotating the
viewpoint to show the aneurysm from frontomedial (Figure 2B,
with the craniotomy in the background), the distal ends of the
simulated clip branches including their measured lengths
become visible. From this perspective, one can inspect the far
side of the aneurysm with the anticipated clip position, showing
that closing the clip in the planned position would not occlude
other branching vessels. Figure 2C shows the intraoperative view
with both vessels 3 and 4 dissected off the base of the dome of
the aneurysm. Note the red daughter sac at the top of the
dome. Figure 2D shows the ﬁnal clip position. Figure 2E shows
the postoperative CTA with the clip in place. The aneurysm wasWORLD NEUROSURGERY 96: 489-499, DECEMBER 2016totally occluded and there were no signs of postoperative
ischemia. The clinical postoperative course was unremarkable.
ILLUSTRATIVE CASE 2
A 65-year-old woman underwent an MRI to investigate recurrent
episodes of headache. An aneurysm of the left pericallosal artery
was shown, located at a branching point of the callosomarginal
artery. The maximum diameter of the aneurysm was 6 mm and the
dome was of irregular shape. The patient expressed an explicit
wish to have the aneurysm closed surgically. The CTA data were
transferred to the Dextroscope and 3D reconstructed for surgical
planning. Because of the curvature of the pericallosal arteries, the
simulation showed that the best site for a parasagittal craniotomy
for an interhemispheric approach would be 6e7 cm superior to
the left orbit (Figure 3A). It was decided to place the skin incision
within a prominent skin crease at this level. Taking into
consideration a degree of mild retraction of the left frontal lobe,
it was concluded that the aneurysm could be closed with a 45
angulated clip. The virtual clip was selected from a selection of
64 available clips, which had been scanned with CT and 3D
reconstructed for planning purposes. The proposed position of
the clip was angulated obliquely with the tip pointing medially
to grasp the aneurysm neck and avoid occlusion of the
branching, left callosomarginal artery. The clip, in position, was
inspected from several perspectives including down the surgical
corridor (Figure 3A), a view from left posterior (Figure 3B; 1, left
pericallosal artery; 2, right pericallosal artery; 3, left
callosomarginal artery, 4, left frontopolar artery), and from right
posterior (Figure 3C). Figure 3D shows the intraoperative
viewpoint with the dissected aneurysm and Figure 3E shows the
ﬁnal position of the clip. Figure 3F shows the postoperative
rotational DSA viewed from the left with the clip in place. The
volumetric data have been cropped for clarity, and hence, the
right pericallosal artery is not visible. The aneurysm was
completely occluded and there was no evidence of cerebral
ischemia. The clinical postoperative course was unremarkable.
RESULTS
Patients
The Dextroscope was used by 9 neurosurgeons for the planning of
clipping of 115 aneurysms in 105 patients: 85 unruptured aneu-
rysms in 77 patients (55 female) were clipped electively, and 30
aneurysms in 28 patients (16 female) had ruptured. The mean age
of the patients in the unruptured group was 52  11 years and 51 
14 years in the ruptured group. The clinical grade of the 28 cases of
subarachnoid hemorrhage was as follows: 8 World Federation of
Neurological Surgeons (WFNS) grade 1, 9 WFNS grade 2, 9 WFNS
grade 3, 1 WFNS grade 4. One patient had no grade recorded.
Mean WFNS grade was therefore 2.2  0.9.
Participating Surgeons
Seven of the 9 participating neurosurgeons were in their early
stages of training in vascular neurosurgery and had clipped fewer
than 20 aneurysms before planning their ﬁrst case with the
Dextroscope. For 4 neurosurgeons in this group, their consecu-
tive series of aneurysms planned with the Dextroscope beganwww.WORLDNEUROSURGERY.org 491
Figure 2. Illustrative case 1. (A) View through a
simulated left pterional craniotomy of an 8-mm left
middle cerebral artery (MCA) aneurysm. 1, MCA; 2,
superior (frontal) trunk; 3, 4, 5, three interior (temporal)
branches. Dotted lines indicate the planned dissection
plane between the aneurysm and the overarching
temporal vessels. (B) View toward the same MCA
aneurysm from anteromedial with the simulated
pterional craniotomy in the background. The 2 lines on
either side of the aneurysmal neck represent the
planned positions of the clip branches before closure.
The labels indicate the predicted clip length. (C)
Intraoperative view of the same left MCA aneurysm
after dissection of vessels 3 and 4 off the aneurysm
sac. (D) Intraoperative view with the clip applied. (E)
Postoperative computed tomography angiography
showing preserved vascular anatomy and the clip in
place.
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7 neurovascular trainees clipped 90 aneurysms (in 82 patients) in
total; 78.3% of the total 115 aneurysms. During the observation
period in which the Dextroscope was installed in 3 institutions,
these trainee neurosurgeons consecutively planned all of their
aneurysm surgeries with the Dextroscope. We speciﬁcally sepa-
rated this group to report on the associated clinical and radio-
logic results.492 www.SCIENCEDIRECT.com WORLD NEUTwo of the participating neurosurgeons had extensive experi-
ence in cerebrovascular neurosurgery before planning their ﬁrst
case with the Dextroscope. They planned and clipped 25 aneu-
rysms (in 23 patients) in total (21.7% of 115 aneurysms).
Surgical Planning Feasibility and Accuracy
The planning procedure for all cases was conducted without
any technical difﬁculties. The fact that the Dextroscope wasROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.08.124
Figure 3. Illustrative case 2. (A) View through a
simulated left frontal parasagittal craniotomy of an
aneurysm arising from the left periocallosal artery at
the origin of the callosomarginal artery. (B) View toward
the same pericallosal aneurysm from left posterolateral
with a simulated clip applied to the aneurysmal neck
and the left frontal craniotomy visible in the
background. 1, left pericallosal artery; 2, right
pericallosal artery; 3, left callosomarginal artery; 4, left
frontopolar artery. (C) View toward the same aneurysm
from right posterolateral. (D, E) Intraoperative view of
the dissected aneurysm while clipping. Note the
concurrence of the vascular anatomy with the planning
data. (F) Digital subtraction angiogram after clipping,
viewed from the left. The right pericallosal artery has
been cropped during processing.
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analyzed and it was unanimously stated that the anticipated
architecture of the simulated aneurysm matched the intra-
operative ﬁndings.WORLD NEUROSURGERY 96: 489-499, DECEMBER 2016Analysis of Postoperative Occlusion Rate
Postoperative DSA was performed in 96 of the 105 cases. In 10 of
these 96 cases, an additional CTA was performed, whereas in 2, an
additional MRA was performed. In the remaining 9 cases, CTAwww.WORLDNEUROSURGERY.org 493
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MRA was carried out in addition. The ﬁles showed that all 3 MRAs
were performed as part of MRI studies assessing territorial
infarction in patients in whom a postoperative neurologic deﬁcit
was observed and not for primary assessment of aneurysm
occlusion.
Unruptured Aneurysms: Postoperative Radiologic and 6-Month
Clinical Outcomes
The obliteration rate for the 85 aneurysms in the 77 patients that
were electively planned and operated without previousTable 1. Key Studies Since 2000 Reporting Medium-Term Results of
Pat
(A
A
Unruptured
Raftopoulos et al., 200320
Wiebers et al., 200319 (International Study of Unruptured Intracranial
Aneurysms)
Gerlach et al., 200721
Nussbaum et al. 200722
Lai et al., 201323,y
Kotowski et al., 201316 (meta-analysis 1990e2011) 9
This study
This study (trainees)
Ruptured
Koivisto et al., 200024
Laidlaw and Siu 200225,x
Proust et al., 200326,y
Dehdashti et al., 200427
Molyneux et al., 200518 (International Subarachnoid Aneurysm Trial)
Bilotta et al., 200728
Yu et al., 200731
Natarajan et al., 200829
Liu et al., 201230
Spetzler et al. 201532 (Barrow Ruptured Aneurysm Trial)
This study
This study (trainees)
Studies were included if a minimum of 50 aneurysms were clipped and medium-term mortality w
aneurysms including the years 1990e2011 is included for reference. Follow-up period is 6 mo
Dextroscope was one of their first 20 aneurysm cases as lead surgeon.
*Follow-up range 6e74 months.
yAnterior communicating artery aneurysms only.
z12 months follow-up.
xNo endovascular service available at reporting institution.
kGlasgow Outcome Scale grade 4 included in poor outcome.
{3 months follow-up.
494 www.SCIENCEDIRECT.com WORLD NEUsubarachnoid hemorrhage was 91.8% (Table 1). On postoperative
imaging, 5 of 77 patients (6.5%) showed radiologic evidence of
surgery-related ischemia (Table 2). In 2 of these patients (2.6%
of the total), this evidence manifested as a clinical deﬁcit
corresponding to mRS score 4 (hemiparesis and severe cognitive
deﬁcit respectively) at 6-month follow-up. In the other 3 (3.9%),
an outcome of mRS score 2, with mild hemiparesis, temporary
dysphasia, and mild cognitive deﬁcits, resulted. An additional 4
patients had no evidence of complications on postoperative im-
aging but showed minor clinical deﬁcits corresponding to mRS
grade 1e2 at 6-month follow-up (Table 2). The overall favorableLarge Surgical Clipping Series
ients Clipped
neurysms
Where
vailable)
Occlusion
Rate (%)
Good Outcome at 6 Months
(Modified Rankin Scale
Score £2 or Glasgow Outcome
Scale Score ‡4) (%)
Mortality
(%)
39 (59) 93.2 97.5* 0
1591 Not stated 95.9 2.7
81 (94) 93.6 97.9 0
376 (450) Not stated 99.2 0.3
103 (115) 97.6 94.2 0
845 (10845) 91.8 93.0 1.6
77 (85) 91.8 97.4 0
57 (63) 93.7 100 0
57 86.0 75.4z 15.8
340 Not stated 48.2 7.7
103 92.2 >71.8k 5.8
72 Not stated 85.0 7.0
1095 82.0 69.1z 9.9
78 Not stated Not stated 16.7
89 84.0 66.3 10.0
105 92.4 84.0{ 8.6
137 95.8 73.1 9.8
200 85.1 63.5 Not stated
28 (30) 90.0 92.9 3.6
25 (27) 92.6 92.0 4.0
as reported. For historical comparison, a meta-analysis of surgical treatment for unruptured
nths unless otherwise stated. Trainees are those for whom their first case planned with the
ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.08.124
Table 2. All Complications After Clipping for Unruptured Aneurysms (85 Aneurysms in 77 Patients)
Patient
Aneurysm
Location Approach
Age at
Clipping
(years) Sex
Radiologic Complication on
Postoperative Imaging Clinical Complications at 6 Months
Modified
Rankin Scale
Score at 6
Months
1 Acom Right pterional 61 M Small bilateral fronto-orbital
ischemia
Cognitive deficit 2
8 Acom Left supraorbital 62 M None Hyposmia 1
15 Left ICA Left supraorbital 31 F None Left inferior hemianopia 2
20 Acom Right frontal
paramedian
61 M Bilateral fronto-orbital ischemia,
right caudate head infarct
Severe cognitive deficit 4
21 1 left PICA
1 left MCA
Left retrosigmoid and
left pterional
52 F Left inferior peduncular ischemia Right hemiparesis and dysphagia requiring
percutaneous endoscopic gastrostomy
4
26 2 left MCA Left pterional 56 F Left MCA perforator territory
infarction
Mild right hemiparesis 2
27 Basilar tip Right pterional 73 F None Mild oculomotor nerve palsy 2
34 Right
ophthalmic
ICA
Right supraorbital 54 F None Blurred vision 2
53 Left MCA Left pterional 52 F Left temporal ischemia Mild dysphasia 2
Acom, anterior communicating artery; M, male; ICA, internal carotid artery; F, female; PICA, posterior inferior cerebellar artery; MCA, middle cerebral artery.
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clipping was zero.
The obliteration rate of a subgroup of 63 aneurysms in
57 patients clipped by neurosurgeons in neurovascular training
(surgeons whose ﬁrst Dextroscope case was one of their ﬁrst
20 clippings) was 93.7% (Table 1). One hundred percent of
patients in this group had a favorable clinical outcome.Ruptured Aneurysms: Postoperative Radiologic and 6-Month
Clinical Outcomes
The obliteration rate of the 30 aneurysms that were operated on in
28 patients with previous subarachnoid hemorrhage was 90%
(Table 1). On postoperative imaging, 2 of 28 patients (7.1%)
showed complications: 1 partial MCA infarction (hemiparesis,
mRS score 3) and 1 case of fatal, delayed, postoperative
hemorrhage in which a small bleed adjacent to and above a
clipped anterior communicating artery aneurysm recurred
massively 3 days later. Overall postoperative mortality was
therefore 3.6%, and a good clinical outcome (mRS score  2)
was achieved in 92.9% (Table 3).
In the subgroup of 27 aneurysms in 25 patients operated on by
neurovascular trainees, the rate of complete obliteration was
92.6%. The 2 cases of postoperative complications described
earlier were part of this group, resulting in a case mortality of 4%
and a good clinical outcome (mRS score 2) in 92%.WORLD NEUROSURGERY 96: 489-499, DECEMBER 2016DISCUSSION
Closing an aneurysm with 1 or several clips is prone to manifold
considerations and limitations. Every intracranial aneurysm is
unique and so is the optimal surgical corridor to approach it.
Aneurysm surgery therefore requires a precise understanding of
the individual vascular anatomy with respect to the aneurysm and
its surroundings. This spatial information needs to be incorpo-
rated into a patient-speciﬁc surgical plan and anticipated during
the approach and clipping.
Preoperative imaging is the only data available to inform the
development of a surgical strategy and full use of this resource
requires a comprehensive understanding of the spatial informa-
tion it contains. Key considerations include aneurysm factors such
as neck width and shape, wall calciﬁcations, branching vessels as
well as factors relating to the approach: patient positioning,
location and extent of craniotomy, clip size and conﬁguration,
geometry of the clip holder, and the risk of conﬂict with adjacent
vessels or cranial nerves. The Dextroscope VR environment in-
tegrates this information and allows it to be presented in its
inherent, 3D form.
The importance of precisely understanding the three-
dimensionality of aneurysms before clipping has been empha-
sized and studied by several groups.8-10 With the emerging com-
puter graphics technology of the 1990s, 3D reconstruction of CTA
and MRA data was increasingly recognized to hold important in-
formation for the planning of aneurysm surgery.11-14 Despite this
situation, the display of the CTA, MRA, or 3D rotational angiog-
raphy data remains basically unchanged: a vascular tree on awww.WORLDNEUROSURGERY.org 495
Table 3. All Complications After Clipping for Ruptured Aneurysms (30 Aneurysms in 28 Patients)
Patient
World
Federation of
Neurological
Surgeons
Subarachnoid
Hemorrhage
Grade
Aneurysm
Location Approach
Age at
Clipping
(years) Sex
Radiologic Complication on
Postoperative Imaging
Clinical
Complication
at 6 months
Modified
Rankin
Scale
Score at
6 Months
2 3 Right MCA Right
supraorbital
35 M Right partial MCA infarction Mild left hemiparesis after
clipping
3
3 Unknown Basilar artery/left superior
cerebellar artery (dolichoectasia)
Left
subtemporal
62 F None Oculomotor nerve palsy 1
15 3 Acom Right
pterional
78 M Small hemorrhage superior and
adjacent to clipped aneurysm.
Aneurysm confirmed closed on
initial postoperative computed
tomography angiography
Massive rebleed on
postoperative day 3, death
6
18 3 Left MCA Left
pterional
71 F None Hydrocephalus requiring
shunting
1
MCA, middle cerebral artery; M, male; F, female; Acom, anterior communicating artery.
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by radiologists and saved in the hospital’s PACS system. At best,
we use the planning modules of a surgical navigation system to
generate a cropped view of the aneurysm and the immediate
vascular surroundings, which we then inspect while rotating it
with a screen-bound cursor controlled by a personal computer
mouse. Working with plastic or rubber models of aneurysms has
been shown to be useful during the preparation for surgery,8,15
although the limits of this approach in the clinical setting are
many; building the patient-speciﬁc models is time consuming and
simulating a craniotomy can be performed only once per model.
Hence, an optimal planning environment presents the patient’s
3D segmented imaging data in a computer-generated 3D work-
space and allows interaction similar to that required in the real
world: with natural hand movements.
The Dextroscope has been used for the patient-speciﬁc plan-
ning of a variety of neurosurgical procedures since 2000.1,2,4-6 To
date, reports on this technology have focused on the description of
its technical features and its application in selected illustrative
cases or small cohorts.1-5 However, assessing the value of a novel
technology requires validation with respect to clinical results in a
large cohort of patients. Aneurysm surgery lends itself well to such
analysis because clinical and radiologic outcomes are well estab-
lished and veriﬁable and preoperative planning is likely to be of
particular value.
In 2007, Wong et al.3 reported the use of the Dextroscope for the
planning of aneurysm clipping in a total of 13 cases and concluded
that preoperative simulation “enhances the understanding of the
surgical anatomy” and “provides an opportunity for preoperative
rehearsal”. However, they did not report on clinical or radiologic
outcomes.
In the current study, we analyzed all cases in 3 large neuro-
surgical units in which the clipping of an aneurysm, ruptured or496 www.SCIENCEDIRECT.com WORLD NEUnonruptured, was preoperatively planned with the Dextroscope.
Since 2009, the underlying image processing and planning soft-
ware of the Dextroscope has undergone only minor changes and
hence it was possible to conduct this study using a constant
planning environment. Nine neurosurgeons at different stages of
their cerebrovascular learning curve integrated VR planning into
their preparation for diverse aneurysm cases.
Because this is a retrospective analysis without a control group,
outcomes in terms of occlusion rates and postoperative morbidity
and mortality were compared against the published outcome data
of large controlled series conducted in neurosurgical departments
across the developed world,16-19 the results of which show little
variation and are widely accepted as benchmarks.Unruptured Aneurysms
Our outcomes for occlusion, morbidity, and mortality in unrup-
tured intracranial aneurysms planned with the Dextroscope are at
least equivalent to those of recent cohorts of a similar size19-31
(Table 1), and it should be considered that reporting bias in this
literature is likely.16 Key benchmark data comprise ISUIA
(International Study of Unruptured Intracranial Aneurysms)19
and a large meta-analysis of reports of unruptured intracranial
aneurysm clipping from 1990 to 2011 (Table 1).16 In the latter,
overall occlusion rate was 91.8%, good outcome (mRS score
2 or Glasgow Outcome Scale equivalent) 93.3% and mortality
1.7%. We report an identical occlusion rate (91.8%) and a
slightly higher percentage of patients with good clinical
outcomes (97.4% good outcome and zero mortality). Particularly
noteworthy are the remarkable outcomes in the 85 unruptured
aneurysm cases clipped by neurovascular trainees: 93.7%
occlusion rate, 100% good outcome, and zero mortality.ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.08.124
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Despite the clinical urgency associated with many ruptured an-
eurysms, the Dextroscope has also been shown to be useful in
planning for these cases when time allowed. Our overall clinical
outcomes (90% occlusion, 92.9% good clinical outcome, 3.6%
mortality) are favorable compared with the literature, particularly
the larger ISAT (International Subarachnoid Aneurysm Trial)18 and
BRAT (Barrow Ruptured Aneurysm Trial)17 trials (see Table 1).
Again in this group, the trainees achieved a high occlusion rate
(92.6%) with good outcomes.
Overall, the comparison of our results to the literature, in both
ruptured and unruptured aneurysm cohorts, shows comparable
rates of total aneurysm occlusion and favorable rates of good
clinical outcome, especially in the group of ruptured aneurysms.
That VR preoperative planning does not improve the overall
aneurysm occlusion rate may be related to the fact that total oc-
clusion by placing clips is not possible in every case. Especially
when reconstruction of the carrying vessel is necessary, some
aneurysms are not amenable to total neck clipping without un-
acceptable risk of stenosis or injury to aneurysm-related vascula-
ture.9 Although insights gained from VR planning may result in
better understanding of the individual anatomy and improve the
chances of complete clipping in some cases, in others, the
prepared surgeon approaches with a heightened appreciation of
threat to adjacent structures and may adopt a more conservative
clipping strategy. Previous research4 indicates that a change in
the surgical plan occurs in around a quarter of neurosurgical
cases in which VR planning was used compared with
conventional planning. The retrospective nature of this study did
not allow us to formally assess this, nor to what extent VR
planning changed overall treatment plans (ie, abandon surgery
or switching to or from endovascular alternatives).
The surgical outcomes associated with the clipping of ruptured
aneurysms are usually poorer than those seen in unruptured cases.
This situation is mainly because of difﬁculties in obtaining
intraoperative spatial clarity: subarachnoid blood obscures the
surgical ﬁeld, a swollen brain narrows the corridor, and the risk of
aneurysmal rupture impedes full exploration of the anatomy.
Hence, in these cases in particular, the 3D anticipation of the
anatomical situation beyond the visible surgical ﬁeld is a key
advantage, and it may explain the excellent results in this group.Trainee Outcomes
Learning the art of aneurysm clipping has been made more
challenging with the dual impact of reductions in trainees’
working hours and less operative exposure because of the
increased availability of endovascular treatment options. In our
series, 7 of the 9 participating neurosurgeons were at the begin-
ning of their clipping careers. Importantly, and in contrast to their
2 senior colleagues, all aneurysms operated on by this group
during the study period were planned preoperatively with the
Dextroscope. Remarkably, their results, in terms of occlusion rate
and good outcome, were at least as good as in the aneurysm cases
clipped by more experienced hands. Although these results may
be related in part to delegation of favorable cases to junior sur-
geons, participating neurosurgeons cited the déjà-vu effect
(meeting the real anatomy after having virtually explored it) asWORLD NEUROSURGERY 96: 489-499, DECEMBER 2016crucial in anticipating and implementing the right strategy of
dissection and clip placement.4Workflow Integration
The successful integration of a VR planning system into daily
clinical practice is dependent on time constraints. Transfer of
patient imaging data is initiated by a radiography technician and
copied via the hospital local area network into the local DICOM
database on the Dextroscope. This process requires up to 5 mi-
nutes. The operating neurosurgeon or a neurosurgical resident
then opens the data and initiates preprocessing. Preprocessing
consists of automatic 3D reconstruction and, if required, auto-
matic fusion of multimodal imaging, both of which are completed
in minutes. Semiautomatic segmentation is then guided by the
operator, resulting in a patient-speciﬁc scenario ready for plan-
ning, consisting of vasculature (derived from CTA, MRA, or DSA)
bone (derived from CT) and possibly cranial nerves. This step
takes around 30 minutes. No additional input from radiologists or
technicians is required. In our experience, the spatial and ste-
reoscopic nature of the planning process creates an unambiguous
and clear anatomic reference and a forum for surgeons with
different levels of experience to exchange opinions on surgical
strategies. The good results may thus simply be a measure of well-
prepared neurosurgeons embarking on surgery having optimally
integrated the available imaging data into their operative plan.Limitations
This study is the ﬁrst to show comprehensive outcomes for aneu-
rysm surgery performed in clinical settings in which VR surgical
planning is embedded into the neurovascular workﬂow. The results
should be interpreted with the caution normally applied to retro-
spective analyses lacking control groups. Selection bias is likely to
have been present, particularly in the group of patients with
unruptured aneurysms clipped nonconsecutively by the 2 experi-
enced surgeons. A review of the case ﬁles in this group conﬁrmed
that these surgeons tended to choose anatomically more complex
and therefore more difﬁcult aneurysms for preoperative VR plan-
ning. A similar bias is likely in the group of ruptured aneurysms
because the Dextroscope was inevitably more likely to be used for
those ruptured cases carried out during the day on the planned list
and in which the clinical status of the patient was relatively good.
Sixty-four percent of our patients presented with a WFNS grade of
1e2 (mean, 2.2) and no patients in our cohort had a presenting
grade higher than 3. Byway of comparison, 88%and 60%of patients
in ISAT and BRAT, respectively, presented with WFNS grade 1e2,
but both studies included signiﬁcantly higher numbers of patients
with higher grades (5% and 16% WFNS grade >3, respectively).32
The numbers of patients and participating surgeons in our study
were both relatively small, and the seniority and experience of
surgeons in the large trials has not been reported, rendering
direct comparisons problematic. The Dextroscope was always
used in the consecutive, trainee-treated cohort; however, the deci-
sion to delegate cases to less experienced surgeons remained in the
hands of their experienced colleagues and represents a further layer
of potential selection bias.www.WORLDNEUROSURGERY.org 497
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Although a trial randomizing aneurysm cases to VR planning or
best standard planning is justiﬁed by these encouraging data and
certainly feasible for unruptured aneurysms, it will most likely
require around a decade in our relatively low-volume institutions
to reach statistical validity. Considerable practical issues related to
time constrains for VR data preparation and planning in some of
the acute cases may complicate a similar trial in ruptured aneu-
rysm surgery.
In themeantime, as costs decline and the technologymatures, VR
and augmented reality aids are certain to play an increasingly
important role in cerebrovascular neurosurgery in the coming years
and decades.33,34 Simulators for the training of aneurysm surgery
have been developed and implemented successfully, although the
use of patient-speciﬁc data sets with these systems is not yet stan-
dard.35-37 The introduction of intraoperative augmented reality
displays, with which the 3D display of vascular data has been shown
to contribute to better spatial understanding and a reduction in
exploratory dissection, shows promise.38 However, most
augmented reality technology used to date relies on the display of
superimposed, two-dimensional imagery that conveys no depth
information; it is debatable to what extent presenting such infor-
mation is a help or distraction to the surgeon.39,40 The next critical
step in the development of VR planning will be the development of
more reﬁned workstations able to accurately simulate the498 www.SCIENCEDIRECT.com WORLD NEUmechanics of tissue deformation and cutting.41,42 As the VR plan-
ning experience becomes ever more faithful in its approximation of
anatomic and surgical reality, the more the subsequent surgery is
likely to correspond to the optimal plan.Conclusions
We show that planning aneurysm clipping with patient-speciﬁc
data in a VR environment is feasible in diverse clinical settings
and cases and provides accurate and useful preoperative infor-
mation. Our rates of complete aneurysm closure were comparable
with those quoted in the recent literature and clinical outcomes
were excellent, particularly in ruptured aneurysms. Neurosurgeons
with little cerebrovascular experience appeared to derive particular
beneﬁt from VR planning and rehearsal.ACKNOWLEDGMENTS
We thank Wibke Mueller-Forell and Stephan Boor, Department
of Neuroradiology, University Hospital Mainz, Germany; Anton
Valavanis, Spyros Kollias and Athina Pangalu, Department of
Neuroradiology, University Hospital Zurich, Switzerland; Kiriaki
Kollia, Daniel Rüfenacht, Isabel Wanke and Stephan Wetzel,
Department of Neuroradiology, Hirslanden Hospital, Zurich for
providing the clinical imaging used in the VR planning.REFERENCES
1. Kockro RA, Serra L, Tseng-Tsai Y, Chan C, Yih-
Yian S, Gim-Guan C, et al. Planning and simula-
tion of neurosurgery in a virtual reality environ-
ment. Neurosurgery. 2000;46:117-118.
2. Kockro RA, Stadie A, Schwandt E, Reisch R,
Charalampaki C, Ng I, et al. A collaborative virtual
reality environment for neurosurgical planning
and training. Neurosurgery. 2007;61(5 suppl 2):
379-391.
3. Wong GK, Zhu CX, Ahuja AT, Poon WS. Crani-
otomy and clipping of intracranial aneurysm in a
stereoscopic virtual reality environment. Neurosur-
gery. 2007;61:564-569.
4. Stadie AT, Kockro RA, Reisch R, Tropine A,
Boor S, Stoeter PR, et al. Virtual reality system for
planning minimally invasive neurosurgery. Tech-
nical note. J Neurosurg. 2008;108:382-394.
5. Kockro RA, Reisch R, Serra L, Goh LC, Lee E,
Stadie AT. Image-guided neurosurgery with 3-
dimensional multimodal imaging data on a ste-
reoscopic monitor. Neurosurgery. 2013;72(suppl 1):
78-88.
6. Serra L, Hern N, Guan CG, Lee E, Lee YH,
Yeo TT, et al. An interface for precise and
comfortable 3D work with volumetric medical
datasets. Stud Health Technol Inform. 1999;62:
328-334.
7. Farrell B, Godwin J, Richards S, Warlow C. The
United Kingdom transient ischaemic attack (UK-
TIA) aspirin trial: ﬁnal results. J Neurol Neurosurg
Psychiatry. 1991;54:1044-1054.8. Kimura T, Morita A, Nishimura K, Aiyama H,
Itoh H, Fukaya S, et al. Simulation of and
training for cerebral aneurysm clipping with
3-dimensional models. Neurosurgery. 2009;65:
719-725.
9. Yas¸argil MG. Clinical considerations, surgery of
the intracranial aneurysms and results. In: Micro-
neurosurgery. Vol. 2. New York, NY: Thieme; 1984:
384.
10. Steiger H-J, Etminan N, Hänggi D. Microsurgical
Brain Aneurysms. Berlin, Heidelberg: Springer;
2015.
11. Harrison MJ, Johnson BA, Gardner GM,
Welling BG. Preliminary results on the manage-
ment of unruptured intracranial aneurysms with
magnetic resonance angiography and computed
tomographic angiography. Neurosurgery. 1997;40:
947-955.
12. Harbaugh RE, Schlusselberg DS, Jeffery R,
Hayden S, Cromwell LD, Pluta D, et al. Three-
dimensional computed tomographic angiography
in the preoperative evaluation of cerebrovascular
lesions. Neurosurgery. 1995;36:320-326.
13. Nakajima S, Atsumi H, Bhalerao AH, Jolesz FA,
Kikinis R, Yoshimine T, et al. Computer-assisted
surgical planning for cerebrovascular neurosur-
gery. Neurosurgery. 1997;41:403-409.
14. Hsiang JN, Liang EY, Lam JM, Zhu XL, Poon WS.
The role of computed tomographic angiography
in the diagnosis of intracranial aneurysms and
emergent aneurysm clipping. Neurosurgery. 1996;
38:481-487.
15. Mashiko T, Otani K, Kawano R, Konno T,
Kaneko N, Ito Y, et al. Development of three-ROSURGERY, http://dimensional hollow elastic model for cerebral
aneurysm clipping simulation enabling rapid and
low cost prototyping. World Neurosurg. 2015;83:
351-361.
16. Kotowski M, Naggara O, Darsaut TE, Nolet S,
Gevry G, Kouznetsov E, et al. Safety and occlusion
rates of surgical treatment of unruptured intra-
cranial aneurysms: a systematic review and meta-
analysis of the literature from 1990 to 2011. J Neurol
Neurosurg Psychiatry. 2013;84:42-48.
17. Spetzler RF, McDougall CG, Zabramski JM,
Albuquerque FC, Hills NK, Russin JJ, et al. The
Barrow Ruptured Aneurysm Trial: 6-year results.
J Neurosurg. 2015;123:609-617.
18. Molyneux A, Kerr R, Yu L, Clarke M. International
subarachnoid aneurysm trial (ISAT) of neurosur-
gical clipping versus endovascular coiling in 2143
patients with ruptured intracranial aneurysms: a
randomised comparison of effects on survival,
dependency, seizures, rebleeding, subgroups, and
aneurysm occlusion. Lancet. 2005:809-817.
19. Wiebers DO, Whisnant JP, Huston J 3rd,
Meissner I, Brown RD Jr, Piepgras DG, et al.
Unruptured intracranial aneurysms: natural his-
tory, clinical outcome, and risks of surgical and
endovascular treatment. Lancet. 2003;362:103-110.
20. Raftopoulos C, Goffette P, Vaz G, Ramzi N,
Scholtes JL, Wittebole X, et al. Surgical clipping
may lead to better results than coil embolization:
results from a series of 101 consecutive unrup-
tured intracranial aneurysms. Neurosurgery. 2003;
52:1280-1290.
21. Gerlach R, Beck J, Setzer M, Vatter H, Berkefeld J,
Du Mesnil de Rochemont R, et al. Treatment
related morbidity of unruptured intracranialdx.doi.org/10.1016/j.wneu.2016.08.124
ORIGINAL ARTICLE
RALF A. KOCKRO ET AL. VIRTUAL REALITY PLANNING IN ANEURYSM SURGERYaneurysms: results of a prospective single centre
series with an interdisciplinary approach over a 6
year period (1999 2005). J Neurol Neurosurg Psychi-
atry. 2007;78:864-871.
22. Nussbaum ES, Madison MT, Myers ME,
Goddard J. Microsurgical treatment of unruptured
intracranial aneurysms. A consecutive surgical
experience consisting of 450 aneurysms treated in
the endovascular era. Surg Neurol. 2007;67:457-464
[Discussion: 464-466].
23. Lai LT, Gragnaniello C, Morgan MK. Outcomes
for a case series of unruptured anterior commu-
nicating artery aneurysm surgery. J Clin Neurosci.
2013;20:1688-1692.
24. Koivisto T, Vanninen R, Hurskainen H, Saari T,
Hernesniemi J, Vapalahti M. Outcomes of early
endovascular versus surgical treatment of
ruptured cerebral aneurysms. A prospective ran-
domized study. Stroke. 2000;31:2369-2377.
25. Laidlaw JD, Siu KH. Ultra-early surgery for aneu-
rysmal subarachnoid hemorrhage: outcomes for a
consecutive series of 391 patients not selected by
grade or age. J Neurosurg. 2002;97:250-258.
26. Proust F, Debono B, Hannequin D, Gerardin E,
Clavier E, Langlois O, et al. Treatment of anterior
communicating artery aneurysms: complementary
aspects of microsurgical and endovascular pro-
cedures. J Neurosurg. 2003;99:3-14.
27. Dehdashti AR, Mermillod B, Rufenacht DA,
Reverdin A, de Tribolet N. Does treatment mo-
dality of intracranial ruptured aneurysms inﬂu-
ence the incidence of cerebral vasospasm and
clinical outcome? Cerebrovasc Dis. 2004;17:53-60.
28. Bilotta F, Spinelli A, Giovannini F, Doronzio A,
Delﬁni R, Rosa G. The effect of intensive insulin
therapy on infection rate, vasospasm, neurologic
outcome, and mortality in neurointensive care
unit after intracranial aneurysm clipping in pa-
tients with acute subarachnoid hemorrhage: a
randomized prospective pilot trial. J Neurosurg
Anesthesiol. 2007;19:156-160.WORLD NEUROSURGERY 96: 489-499, D29. Natarajan SK, Sekhar LN, Ghodke B, Britz GW,
Bhagawati D, Temkin N. Outcomes of ruptured
intracranial aneurysms treated by microsurgical
clipping and endovascular coiling in a high-
volume center. Am J Neuroradiol. 2008;29:753-759.
30. Liu B, Wei W, Wang YL, Yang XY, Zhu T, Yue S,
et al. Individualized treatment of ruptured intra-
cranial aneurysms by microsurgical clipping and
endovascular coiling: results from a consecutive
series of 212 patients. Chin Med J (Engl). 2012;125:
3584-3586.
31. Yu SCH, Wong GKC, Wong JKT, Poon WS.
Endovascular coiling versus neurosurgical clipping
for ruptured intracranial aneurysms: signiﬁcant
beneﬁts in clinical outcome and reduced con-
sumption of hospital resources in Hong Kong
Chinese patients. Hong Kong Med J. 2007;13:
271-278.
32. Spetzler RF, McDougall CG, Zabramski JM,
Albuquerque FC, Hills NK, Russin JJ, et al. The
Barrow Ruptured Aneurysm Trial: 3-year results.
J Neurosurg. 2013:1-12.
33. Robison RA, Liu CY, Apuzzo ML. Man, mind, and
machine: the past and future of virtual reality
simulation in neurologic surgery. World Neurosurg.
2011;76:419-430.
34. Kockro RA. Neurosurgery simulatorsebeyond the
experiment. World Neurosurg. 2013;80:e101-e102.
35. Alaraj A, Luciano CJ, Bailey DP, Elsenousi A,
Roitberg BZ, Bernardo A, et al. Virtual reality ce-
rebral aneurysm clipping simulation with real-
time haptic feedback. Neurosurgery. 2015;11(suppl
2):52-58.
36. Beier F, Sismanidis E, Stadie A, Schmieder K,
Manner R. An aneurysm clipping training module
for the neurosurgical training simulator Neuro-
Sim. Stud Heal Technol Inf. 2012;173:42-47.
37. Koyama T, Hongo K, Tanaka Y, Kobayashi S.
Simulation of the surgical manipulation involved
in clipping a basilar artery aneurysm: concepts ofECEMBER 2016 wwvirtual clipping. Technical note. J Neurosurg. 2000;
93:355-360.
38. Cabrilo I, Bijlenga P, Schaller K. Augmented
reality in the surgery of cerebral aneurysms: a
technical report. Neurosurgery. 2014;10(Suppl 2):
251-252.
39. Dixon B, Daly M, Chan H, Vescan A, Witterick I,
Irish J. Surgeons blinded by enhanced navigation:
the effect of augmented reality on attention. Surg
Endosc. 2013;27:454-461.
40. Marcus HJ, Pratt P, Hughes-Hallett A, Cundy TP,
Marcus AP, Yang GZ, et al. Comparative effec-
tiveness and safety of image guidance systems
in surgery: a preclinical randomised study
[Abstract]. Lancet. 2015;385:S64.
41. Famaey N, Vander Sloten J. Soft tissue modelling
for applications in virtual surgery and surgical
robotics. Comput Methods Biomech Biomed Engin.
2008;11:351-366.
42. Courtecuisse H, Allard J, Kerfriden P, Bordas SP,
Cotin S, Duriez C. Real-time simulation of contact
and cutting of heterogeneous soft-tissues. Med
Image Anal. 2014;18:394-410.Conflict of interest statement: The authors declare that the
article content was composed in the absence of any
commercial or financial relationships that could be construed
as a potential conflict of interest.
Received 17 July 2016; accepted 30 August 2016
Citation: World Neurosurg. (2016) 96:489-499.
http://dx.doi.org/10.1016/j.wneu.2016.08.124
Journal homepage: www.WORLDNEUROSURGERY.org
Available online: www.sciencedirect.com
1878-8750/ª 2016 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).w.WORLDNEUROSURGERY.org 499
